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Abstract Certain plant growth-promoting rhizobacteria
(PGPR), in the absence of physical contact with a plant
stimulate growth via volatile organic compound (VOC)
emissions, through largely unknown mechanisms. To probe
how PGPR VOCs trigger growth in plants, RNA transcript
levels of Arabidopsis seedlings exposed to Bacillus subtilus
(strain GB03) were examined using oligonucleotide micro-
arrays. In screening over 26,000 protein-coded transcripts,
a group of approximately 600 diVerentially expressed genes
related to cell wall modiWcations, primary and secondary
metabolism, stress responses, hormone regulation and other
expressed proteins were identiWed. Transcriptional and his-
tochemical data indicate that VOCs from the PGPR strain
GB03 trigger growth promotion in Arabidopsis by regulat-
ing auxin homeostasis. SpeciWcally, gene expression for

auxin synthesis was up regulated in aerial regions of GB03-
exposed plants; auxin accumulation decreased in leaves and
increased in roots with GB03 exposure as revealed in a
transgenic DR5::GUS Arabidopsis line, suggesting activa-
tion of basipetal auxin transport. Application of the auxin
transport inhibitor 1-naphthylphthalamic acid (NPA)
restricted auxin accumulation to sites of synthesis thereby
preventing GB03-mediated decreases in shoot auxin levels
as well as thwarting GB03-mediated growth promotion. In
addition, microarray data revealed coordinated regulation of
cell wall loosening enzymes that implicated cell expansion
with GB03 exposure, which was conWrmed by comparative
cytological measurements. The discovery that bacterial
VOCs, devoid of auxin or other known plant hormones reg-
ulate auxin homeostasis and cell expansion provides a new
paradigm as to how rhizobacteria promote plant growth.

Keywords Auxin transport · Bacillus subtilus GB03 · 
Cell expansion · Plant growth promotion · Transcriptional 
proWling · Rhizobacterial signaling

Abbreviations
IAA Indole acetic acid
NPA 1-Naphthylphthalamic acid
PGPR Plant growth promotion rhizobacteria
rt-PCR Real time PCR
RT-PCR Reverse transcriptase PCR
VOCs Volatile organic compounds

Introduction

Plants and certain rhizobacteria form mutually beneWcial
associations mediated through an exchange of chemical
metabolites. Root exudates provide energy-rich organic

Electronic supplementary material The online version of this 
article (doi:10.1007/s00425-007-0530-2) contains supplementary 
material, which is available to authorized users.

H. Zhang · M.-S. Kim · V. Krishnamachari · Y. Sun · 
M. Grimson · M. A. Farag · R. Allen · P. W. Paré (&)
Departments of Chemistry/Biochemistry and Biology, 
Texas Tech University, Lubbock, TX 79409, USA
e-mail: Paul.Pare@ttu.edu

P. Payton
USDA-ARS Cropping Systems Lab, 
Lubbock, TX 79409, USA

C.-M. Ryu
Microbial Genomics Lab, 
Korean Research Institute of Biosci/Biotech, 
Yusong, Taejon 305-600, South Korea

I. S. Melo
EMBRAPA Meio Ambiente, 
CP 69, 13820 Jaguariúna, SP, Brazil
123

http://dx.doi.org/10.1007/s00425-007-0530-2


840 Planta (2007) 226:839–851
acids that are metabolized within hours by soil microorgan-
isms (Jones et al. 2003), while specialized microbes,
referred to as plant growth-promoting rhizobacteria
(PGPR), generate an array of biologically active com-
pounds that elicit growth promotion and induced systemic
resistance (ISR) in plants (Kloepper et al. 1999; Ryu et al.
2004; Paré et al. 2005). Widely accepted mechanisms for
plant-growth promotion by PGPR include bacterial synthe-
sis of plant hormones (Loper and Schroth 1986; Timmusk
et al. 1999; MacDonald et al. 1986), breakdown of plant-
produced ethylene (Glick et al. 1999), and increased min-
eral and nitrogen availability in the soil (Lin et al. 1983).

Blends of volatile chemicals emitted from speciWc
strains of PGPR, in the absence of physical contact with
plant roots, also trigger growth promotion in Arabidopsis
(Ryu et al. 2003). Of the several PGPR assayed, two strains
Bacillus subtilis GB03 and B. amyloliquefaciens IN937a
elicited plant growth promotion via volatile emissions. To
elucidate signaling networks involved in growth promotion
via PGPR VOCs, a series of mutant lines were tested (Ryu
et al. 2003). Enhanced total leaf surface area was observed
from exposure to GB03 VOCs for mutant lines ethylene-
insensitive (etr1), auxin-transporter-deWcient and ethylene-
insensitive (eir1), gibberellic acid-insensitive (gai2), and
brassinosteroid-insensitive (cbb1) mutants, thereby negat-
ing the essential involvement of brassinosteroid-, gibberel-
lic acid-, or ethylene-signaling in the activation of growth
promotion by VOCs. Considering that the auxin eZux car-
rier EIR1 (also known as AGR and AtPIN2) is a root-spe-
ciWc protein (Luschnig et al. 1998; Sieberer et al. 2000), a
mutation in this auxin transporter (eir1) does not necessar-
ily aVect basipetal auxin transport or auxin action in leaves.
Therefore, participation of auxin in VOC-induced growth
promotion cannot be excluded. The cytokinin receptor-deW-
cient (cre1) and cytokinin- and ethylene-insensitive (ein2)
mutants were also tested and exhibited no growth promo-
tion with exposure to GB03 VOCs. Although the function
of EIN2 has not been clearly resolved, ein2 mutants have
been recovered in screens for Arabidopsis mutants resistant
to auxin transport inhibitors, cytokinins, or abscisic acid
and in screens for delayed senescence (Alonso et al. 1999),
implicating auxin, cytokinin, and/or abscisic acid as possi-
ble mediators of growth promotion by GB03 VOCs.

For Weld applications, GB03 is thought to survive on
seeds until planted and then uses seed exudates during seed
germination, directionally multiplying to reach young
roots, and maintaining a robust population in the presence
of Weld crops via plant–microbial interactions (Kloepper
et al. 2004). The minimum bacterial density in the soil for
triggering observable plant responses is ca. 104 colony
forming units (cfu)/root. GB03 can maintain soil popula-
tions of 105 cfu/root for over 60 days after planting; nega-
tive plant development eVects are not observed with

bacterial populations as high as 1010 cfu/root (Kokalis-
Burelle et al. 2006). The inoculum in Petri dish bioassays
for VOC-mediated growth promotion contains ca. 107 cfu.

To probe plant-signaling pathways activated by bacterial
VOCs that mediate growth, we have begun to characterize
global changes in the Arabidopsis transcriptome using
available microarray technology. Microarray results identi-
Wed a series of physiological changes associated with
growth, photosynthesis, and stress tolerance. In this study,
we report that bacterial VOCs induce endogenous auxin
synthesis and regulate auxin transport in planta; the regula-
tion of transcripts associated with cell wall loosening pro-
vides insight into the mechanism of leaf cell expansion that
is observed in GB03 exposed plants.

Material and methods

Plant materials and treatments

Arabidopsis thaliana (Col-0) seeds were surface sterilized
then planted onto one side of specialized plastic Petri dishes
(100 £ 15 mm) that contained a center partition (I plates,
Fisher ScientiWc, Pittsburgh); both sides contained one-
half-strength MS solid media with 0.8% (w/v) agar and
1.5% (w/v) sucrose. Before being placed in the growth
room, seeds were vernalized for 2 days at 4°C in the absence
of light. The growth room is set to a 16-h-light/8-h-dark
cycle under metal halide and high pressure sodium lamps
with a total light intensity of 200 �mol m¡2 s¡1, a tempera-
ture of 25 § 4°C and a relative humidity of 40§10%.

One day before plant experiments, PGPR strain Bacillus
subtilis GB03 were streaked onto TSA (tryptic soy agar)
plates and incubated at 28°C in the absence of light for
24 h. PGPR cells were harvested from TSA plates in double
distilled water (DDW) to yield 109 CFU ml¡1 as deter-
mined by optical density and serial dilutions with plate
counts. To the non-plant side of a given Petri dish contain-
ing 2-day-old Arabidopsis seedlings, 20 �l of GB03 sus-
pension culture or DDW was applied drop wise. By
positioning plants and bacteria on separate sides of the par-
titioned Petri dish, plants are exposed to bacterial VOCs
without physical contact.

For auxin inhibition assays, plant growth and inocula-
tions were the same as described above except that on the
side of the I-plate in which Arabidopsis seedlings were to
be grown, the MS media contained 2-((1 naphthalenyla-
mino)-carbonyl) benzoic acid (NPA) with concentrations of
1 or 10 �M; solvent controls contained only DMSO. For
total leaf surface area quantiWcation, seedlings were photo-
graphed fourteen days after the treatments using an Olym-
pus C-4000 camera (Olympus American Inc., USA).
Images were imported into Adobe Photoshop 5.5 and leaf
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surface area measurements were determined by using an
available histogram function; pixel areas were calibrated
based the total Petri dish area.

Gene expression proWling

Two-day-old seedlings were treated with GB03 VOCs or
water as control, then harvested 48 or 72 h after treatment.
For each time set, microarray hybridizations consisted of
three biological replicates with dye swapping for one repli-
cate. Each replicate consisted of approximately 300 seed-
lings (ca. 4 g); total RNA was extracted using TRI Reagent
(Molecular Research Center Inc, Cincinnati, OH, USA).

Seventy-mer oligonucleotide microarray slides contain-
ing the complete Arabidopsis genome (26,751 genes) were
purchased from Galbraith’s laboratory (University of Ari-
zona, Tucson, AZ, USA). Slides contain 29,000 spots; mul-
tiple spots with same gene ID were averaged when results
were reported. A complete listing of probes can be accessed
at http://www.ag.arizona.edu/microarray. Target ampliWca-
tion, labeling and hybridization were performed following
the protocol provided by the array producer (http://ag.ari-
zona.edu/microarray/methods.html). Target cDNAs were
labeled using Amino-Allyl aRNA AmpliWcation Kit (Ambion,
Austin, TX, USA) and NHS dyes Cy3 or Cy5 (Amersham
Biosciences, Little Chalfont Buckinghamshire, UK) accord-
ing to the manufacturer’s protocol. The arrays were scanned
using a GenePix 4100 array scanner (Axon Instruments,
Sunnyvale, CA, USA). Spot statistical analysis was per-
formed according to the manufacturer’s guidelines (Gene-
Spring 7.0; Silicon Genetics, Redwood, CA, USA). A 40%
change, either up- or down-regulation, in the expression
level compared with the control was selected as the thresh-
old for a gene to be classiWed as altered in response to
PGPR VOCs. As a reference, gene expression fold-change
ratios ¸1.25–2.0 (or ·0.75–0.5) have been found signiW-
cant with plant exposure to other environmental changes
(Halitschke and Baldwin 2003; Salzman et al. 2005). Only
genes that pass the Xag Wltering, identiWed as present (Gene-
Spring7.0), and pass the T-test P-values ·0.05 for at least
one of the two time points tested were considered diVeren-
tially regulated with PGPR treatment.

Reverse-transcriptase PCR (RT-PCR)

First strand cDNA was synthesized from 5 �g of total RNA
using MuMLV-RT (Fisher ScientiWc, Houston, TX, USA).
The following primers were used (5� to 3�): [UBQ10],
CGATTACTCTTGAGGTGGAG and AGACCAAGTGA
AGTGTGGAC; [ARR5], GAGCGGTTACTCAGAGTC
TC and GCTTCAAGCTCTCTCTTGTG; [IPSI], TGG
AGAACATTGTGCCACTC and TCCATGGCTCGCTT
ACTATC; [GT20], TCCTTCTTCCGTCACACAAG and

TCTACCACCAAGATCAGGAG; [UGE4], GGAGCTTG
TTGGTCCTGATC and CAGACGTTCCTTGACCAGTC;
[EXP5], TAGTAATCTCGCTTCTCGTG and CGTTGAT
CGTGAACCTTATC; [IRT1], GCAATCTCTCCAGCAA
CTTC and TCTTGCTGGTGTATAGGCTC. Agarose gel
electrophoresis images were taken by Kodak Gel Logic 100
Imaging System (Fisher ScientiWc, Houston, TX, USA) and
quantiWed by using Image J 1.33u (http://rsb.info.nih.gov/ij/,
National Institute of Health, USA).

Quantitative real-time PCR

Reverse transcription of all the RNA samples was carried
out using random hexamers. ABI TaqMan Reverse Tran-
scription Reagent Kit (Applied Biosystems) was used for
Wrst strand synthesis in 50 �l reactions (containing 1 �g of
total RNA) at 37°C for 60 min. Quantitative real-time PCR
was used to assay the gene expression levels. The expres-
sion levels of the AEC, EXP5, NIT1, and NIT2 genes in
diVerent Arabidopsis tissues were detected by ABI PRISM
7000 Sequence Detection System. The primers were
designed by using PrimerQuest program (Integrated DNA
Technology). The following primers were used (5� to 3�):
[AEC], TCTGATCGTTGCAAGCTCTTCCCT and AAC
CACCCAAGAAGTCCTCCGATT; [EXP5], AAAGGCC
GATCCATTGTGGTCACT and ACTTCTCTTGCACCG
AACCCTTCT; [NIT1], AAGCAAGGGAGCAGAGCTA
GTGTT and TTTCCTAGCCACGTCAGCCAATCT;
[NIT2], TCCGCAAGTACCATGCTTCTGCTA and ACC
CAAGAACTGACCTTGTGGACT. 18S rRNA primers
were used for RNA normalization. SYBR Green PCR Mas-
ter Mix (ABI) was used for 50 �l PCR reactions as follow:
50°C for 2 min, 95°C for 10 min, and 40 cycles of 95°C for
15 s and 60°C for 60s. Each sample was assayed three
times. The relative expression levels of all the samples
were calculated and analyzed (User Bulletin #2, ABI
PRISM 7700 Sequence Detection System). The threshold
cycle (Ct value) of the target genes and 18S RNA in diVer-
ent samples were obtained after quantitative real-time PCR
reaction. In brief, the normalizer 18S RNA Ct value is sub-
tracted from the gene of interest Ct (target gene) to produce
the dCt value of the sample. The dCt value of the calibrator
(the sample with the highest dCt value) was subtracted
from every other sample to produce the ddCt value. Two to
the ¡ddCt power (2¡ddCt) was taken for every sample as the
relative expression levels.

GUS histochemical analysis

Wild type Arabidopsis Col-0 and transgenic line
DR5::GUS were grown as described in Plant materials and
treatments. Seedlings were collected for analysis as indi-
cated in Results. The GUS staining buVer was composed
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of: 100 mM NaPO4 (pH 7.0); 1 mM EDTA; 5 mM potas-
sium ferrocyanide; 5 mM potassium ferricyanide; 0.1 Tri-
ton X-100; and 1 mM X-Gluc. Samples were put into
EppendorV tubes containing the staining buVer and incu-
bated at 37°C overnight, followed by ethanol (70% in H2O)
rinsing (3£) at 60°C for 30 min each rinse.

Cell size measurements

Twelve-day-old seedlings exposed to GB03 VOCs or water
for 10 days, were used for cell size measurements by
microscopic analysis. For leaf study, the Wrst true leaves of
12-day-old seedlings exposed to GB03 VOCs or water for
10 days, were used for cell size measurements by micro-
scopic analysis. Leaves were sectioned and prepared for
light microscopic observations as described by Inan et al.
(2004). Fixed leaves were cut at three diVerent positions,
with the cutting edge being perpendicular to the central
vein (Fig. 6a). Positions 1, 2, and 3 refer to ¼, ½, and ¾ of
the whole leaf starting from the leaf tip. Cells area was
measured using SimplePCI software (Olympus America
Inc., USA). To obtain representative cell types (e.g.epider-
mal, mesophyll and cell vein regions) cells in a ring area,
with the central vein as the center, were measured. Radii of
each ring were set individually to include both upper epi-
dermal and lower epidermal cells in each sample, since a
Wxed radius would not include the same cell types for both
the larger and smaller GB03- and water-exposed leaves,
respectively. For root study, primary roots and secondary
roots (lateral roots) were sectioned randomly and perpen-
dicularly. Epidermal and endodermal cells were used to
obtain cell size population in roots. Tissues from diVerent
plants were measured for each of the replicates for each
treatment (n = 3 for leaves; n = 4 for roots).

Statistical analysis

Statistical analysis of total leaf surface area was performed
by SAS software (SAS Institute, Cary, NC, USA). SigniW-
cant diVerence between treatments was based on P-values
· 0.05.

Results

Regulation of gene expression by PGPR VOCs

To provide insight into underlying mechanisms responsible for
the induction of plant growth promotion, genome-wide analy-
sis of gene expression was performed using oligonucleotide
microarray slides (described at http://www.ag.arizona.
edu/microarray and http://omad.operon.com/download/index.
php). Transcriptional gene regulation essential for early

growth enhancement was assumed to occur at or before
phenotypic changes in leaf area and biomass. The time
interval required for activating observable growth promo-
tion with PGPR VOC exposure was 5 days as determined
by measuring seedling fresh weight (data not shown). To
identify the complement of transcripts that participate in
plant growth promotion triggered by GB03 VOCs and not
exclude non-speciWc bacterial-VOC responses that may
overlap with PGPR growth promotion, water was selected
for all non-GB03 controls. Analysis of the Arabidopsis
transcriptome at 48 and 72 h post GB03 exposure revealed
diVerential expression of 631 (379 up regulated) and 666
(350 up regulated) genes, respectively (supplementary
data).

As a Wrst approximation, diVerentially expressed genes
at both 48 and 72 h were categorized into 24 groups based
on function (Table 1). Each functional gene category
includes at least Wve common genes for one of the time
points. An overlap in gene induction for both collection
times was observed for Xavonoid and auxin synthesis, as
well as genes encoding wall-loosening enzymes suggesting
elevated Xavonoid accumulation, auxin production and
cell-wall Xexibility. Ribosomal proteins were almost four
times more represented 72 h post treatment (31 genes) than
48 h (8 genes), indicating GB03-elevated protein synthesis.
Most other categories showed no discernable pattern of
gene regulation (Table 1 and Supplementary data). Micro-
array results were selectively validated by RT-PCR
(Fig. 1). In measuring diVerential gene expression (GB03-
treated versus water-control), microarray and RT-PCR
results diVered by less than 30% based on an arithmetic
scale.

GB03 VOCs regulate plant auxin homeostasis

All diVerentially regulated genes associated with auxin syn-
thesis were up regulated for at least one time-point mea-
surement (Table 2). Three nitrilases genes (At3g44300,
At3g44310, and At3g44320) encode for catalysis of the ter-
minal activation step in indole acetic acid (IAA) biosynthe-
sis (Hillebrand et al. 1998). In contrast, a gene (At2g17500)
annotated as a putative auxin eZux carrier involved in
auxin polar transport was down regulated.

Auxin response in the presence or absence of GB03
VOCs was further examined by assaying a transgenic
auxin-responsive reporter, DR5::GUS. The DR5::GUS
construct with seven highly active tandem repeats of the
auxin-responsive TGTCTC elements (Ulmasov et al. 1997)
exhibited opposing responses in leaves and roots with
exposure to GB03 VOCs. GB03-exposed leaves exhibiting
lower auxin accumulation than water controls while
increased auxin accumulation was observed in GB03
exposed roots compared with water alone (Fig. 2). Only in
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petiole and shoot meristem regions was DR5::GUS activity
observed three days after GB03 exposure, while control
plants accumulated auxin throughout the aerial portion

(Fig. 2a, b). Roots of VOC-treated plants showed a greater
abundance of DR5::GUS expression after three days of
exposure (DOE) (Fig. 2a, b, e, f). At 8 DOE, auxin distribu-

Table 1 Functional gene classiWcation diVerentially expressed by GB03 VOCs

+ Predominantly up-regulated; ¡ predominantly down-regulated; * a mixed pattern of up and down regulation

Gene class Subclass (example provided) Observable 
pattern

IdentiWed genes Common 
genes

48 h 72 h

Metabolism Amino acid (asparagine synthetase, At3g47340) * 5 5 2

Flavonoid (chalcone synthase, At5g13930) + 11 11 8

Lipid (phospholipase, At3g15650) * 14 14 4

Sugar (starch synthase, At1g32900) * 16 16 6

Growth Auxin (nitrilase 1, At3g44310) + 12 9 4

Cell wall (�-expansin, At2g20750) + 28 32 14

Chloroplast (chloroplast lumen protein, At2g37400) * 14 19 7

Nodulin (nodulin MtN21 protein, At1g11450) * 6 6 3

No apical meristem (NAM protein RD26, At4g27410) ¡ 0 5 0

Stress Heat shock (HSP101, At1g74310) * 14 20 9

Stress (universal stress protein, At3g11930) * 46 41 24

Signaling Kinase/phosphatase (protein kinase, At5g11020) * 24 23 6

Nucleic acid binding (transcription factor, At1g56170) * 38 42 6

Other hormone related (GA4, At1g15550) * 8 9 3

Other Cytochrome (cytochrome P450, At1g16410) * 23 11 7

Expressed protein (expressed protein, At4g04745) * 124 120 39

Germin-like protein (GER2, At5g39190) * 8 5 5

Hydrolase (epoxide hydrolase, At3g05600) * 12 13 4

Methyltransferase (HMT-3, At3g22740) * 6 2 2

Oxidase/reductase (sulWte reductase, At5g04590) * 35 35 14

Protease (cysteine proteinase, At4g11320) * 32 33 17

Ribosomal protein (RPL31B, At4g26230) + 8 31 3

Transporter (ammonium transporter, At3g24300) * 27 33 10

Miscellaneous (glycine-rich protein, At2g05540) * 120 133 42

Total 631 666 239

Fig. 1 Arabidopsis transcript induction comparison by microarray
and RT-PCR analysis; seedlings exposed for 72 h to GB03 VOCs
(treated) or water alone (control). QuantiWed expression with log10
scale (mean § SD, n = 3) (left) and RT-PCR gel bands (right) shown.
Selected genes include: iron-responsive transporter (IRT1); glycosyl

transferase family 20 protein (GT20); expansin A 5 (EXP5); inositol-
3-phosphate synthase isozyme (IPSI); Arabidopsis response regulator
5 (ARR5); UDP-glucose-4-epimerase (UGE4); and a loading control,
polyubiquitin (UBQ10)
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tion in GB03-exposed seedlings was highly skewed, with
leaves devoid of blue staining while roots were highly
specked with blue; a reverse tissue color pattern was
observed in water controls (Fig. 2c, d). VOC-treated seed-
lings had greater lateral root development than controls,
along with higher auxin accumulation (Fig. 2g, h). In both
GB03 and water exposed roots, auxin accumulation associ-
ated with sites of lateral root primordia.

Observed auxin-induced GUS expression patterns sug-
gested tissue-speciWc gene expression of auxin-regulated
genes. Transcriptional levels of the putative auxin eZux
carrier (AEC), At2g17500, two nitrilases, At3g44300 and
At3g44320, and a potential auxin-related expansin gene
EXP5 (At3g29030) were probed in a tissue-speciWc fashion
by quantitative real-time PCR (Fig. 3). AEC was found to
be down-regulated by VOC exposure only in roots, which
may contribute to belowground auxin accumulation in the
plant. Gene expression of EXP5 was signiWcantly up-regu-
lated by GB03 exposure only in the aerial portion of the
plant, consistent with cell size increases observed in the
leaves alone with GB03 exposure. Both NIT1 and NIT2
were up-regulated in the aerial portion by GB03 VOCs,
while NIT1 transcript level exhibited a reduction in roots
with VOC exposure. The disparity between DR5::GUS
localization and NIT gene expression suggests enhanced
basipetal auxin transport, so that although auxin synthesis
in leaves is up regulated, auxin movement out of leaves
results in a net accumulation of auxin in the roots.

To test the possibility that GB03 VOCs augment growth
by increasing auxin transport from leaves to roots, the auxin
transport inhibitor NPA was added to the plant growth

Table 2 Auxin-related genes diVerentially regulated by GB03 VOCs

Asterisk (*) indicates P values ·0.05 between GB03 and control treat-
ments. Values are means of ratios of three biological replications. For
the arithmetic scale used, values greater than 1 are up regulated while
values less than 1 are down regulated. At least one of the two time
points meets all of the threshold requirements (see Materials and
methods

Expressed gene (GB03/Control) 48 h 72 h

Auxin synthesis

At4g27070, tryptophan synthase 1.4 * 1.8

At5g05730, anthranilate synthase 0.8 1.6 *

At3g44310, nitrilase 1 1.4 * 2.2 *

At3g44300, nitrilase 2 1.4 1.5 *

At3g44320, nitrilase 3 1.5 * 2.0

At1g51760, IAA-amino acid hydrolase 3 1.1 1.9 *

Auxin-responsive genes

At1g16510, auxin induced protein 1.6* 1.7

At1g56150, auxin-induced protein 2.9 * 0.9

At3g07390, auxin-induced protein (AIR12) 1.5* 1.1

At4g34750, small auxin up RNA 1.4* 1.3

At5g18030, small auxin up RNA 1.3* 1.4 *

At5g18060, small auxin up RNA 1.2* 1.6 *

At1g10230, E3 ubiquitin ligase 1.4* 1.5

At3g04730, auxin-responsive protein IAA16 0.6 * 0.6*

Auxin transport

At2g17500, putative auxin eZux carrier 0.4 * 0.5 *

Other

At1g28330, dormancy/auxin associated 0.3 * 0.2 *

At1g56220, dormancy/auxin associated 0.7 * 0.6 *

At2g33830, dormancy/auxin associated 0.4 * 0.03

Fig. 2 DiVerential GUS expres-
sion with GB03 VOCs or water 
control in DR5::GUS transgenic 
plants 3 and 8 days of exposure 
(DOE). Row 1, images of whole 
seedling (bar represents 5 mm; 
arrows indicate elevated GUS 
expression in the petiole and api-
cal meristem); row 2, root mat 
(bar represents 0.5 mm). Three 
replicates for each treatment 
were performed; total seedling 
population 20. Representative 
images are shown
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media. For Arabidopsis as well as bean, NPA restricts leaf
auxin translocation and concurrently reduces leaf size (Kel-
ler et al. 2004). With eight days of GB03 exposure and in
the presence of a 1 �M NPA, a slight increase in auxin in
the aerial portion of GB03-exposed plants was observed
compared with exposed plants in the absence of NPA
(Fig. 4a, c). An introduction of 10 �M NPA resulted in
greater blue staining in leaves of GB03-exposed plants than
the lower NPA dose (Fig. 4a, c, e). Indeed blue staining in
leaves treated with 10 �M NPA were comparable whether
plants were GB03 or water exposed (Fig. 4e, f) indicating
that changes in leaf-auxin distribution that occur with GB03
exposure can be reversed by blocking auxin transport. The
localization of auxin when translocation is blocked corre-
sponds to identiWed sites of auxin synthesis including leaf
parameters (previously reported by Mattsson et al.2003). In
the roots, GB03-induced GUS expression was suppressed
with both NPA concentrations tested (Fig. 4c and e com-
pared with a). In addition, both NPA treatments inhibited
lateral root formation normally induced by GB03 VOCs so
that on day 8 only the primary root had developed. Total
leaf surface area of plants with GB03 exposure was also
compromised by NPA treatment, suggesting VOC-medi-
ated growth promotion is interrupted by blocking auxin
transport (Fig. 5). At the 10 �M NPA dose, there was a total
loss of plant growth promotion whereas with 1 �M NPA
growth promotion was reduced.

GB03 VOCs induce leaf cell enlargement

Genes related to cell wall modiWcations accounted for 28
and 32 genes diVerentially regulated at 48 and 72 h, respec-
tively (Table 3), and accounted for ca. 5% of the total

diVerentially regulated genes. Genes coding for cell expan-
sion including expansins and UDP-glucose 4-epimerase
(UGE4), exhibited an expression pattern favorable for cell
expansion. Genes for seven of the eight diVerentially regu-
lated expansin-related proteins known to have cell-wall
loosening activity and to be involved in cell expansion and
other developmental events during which cell-wall modiW-
cations occur, were up regulated. The gene encoding UDP-
glucose 4-epimerase that channels UDP-D-galactose into
cell wall polymers was down regulated with GB03 expo-
sure.

Several other cell wall modifying genes encoding
enzymes important to reduced cell-wall rigidity were pre-
dominantly up regulated including: pectate lyases, pectin-
ases, and pectin methyl esterase inhibitors (Table 3).
Pectate lyases and pectinases depolymerize the cell wall
constituent pectate, causing cell wall degradation (Andro
et al. 1984). In addition to direct pectin depolymerization,

Fig. 3 Tissue-speciWc gene expression with 72 h plant exposure to
GB03 VOCs (treated) or water alone (control); quantitative rt-PCR re-
sults in a log10 scale (mean § SD, n = 3) includes the putative auxin
eZux carrier (AEC), expansin A5 (EXP5), nitrilase 1 (NIT1), and ni-
trilase 2 (NIT2)

Fig. 4 DiVerential GUS expression with seedling exposure to GB03
VOCs (a, c, e) or water alone (b, d, f) in the DR5::GUS transgenic line
8-days post treatment and containing 0-, 1-, or 10-�M of the auxin
transport inhibitor 2-((1 naphthalenylamino)-carbonyl) benzoic acid
(NPA). Images of whole seedling (bar represents 5 mm). Three repli-
cates were performed with a total seedling population of 20; represen-
tative images are shown
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four pectin methylesterase inhibitors were also up regulated
(Table 3). Since pectin methylesteases (PME) cleave
methyl groups from highly esteriWed pectin to initiate bind-

ing of carboxyl ions with Ca2+ and cause walls to become
more rigid, inhibition of PMEs may well allow for a reduc-
tion in cell-wall rigidity. Two pectin acetyl esterases

Fig. 5 VOC-induced growth 
promotion reduced by the auxin 
transport inhibitor NPA. DiVer-
ent letters indicate signiWcant 
diVerence (P · 0.05) between 
treatments; three replicates were 
performed with a total seedling 
population of 27. Representative 
images are shown

Table 3 Cell wall modiWcation genes diVerentially regulated by GB03 VOCs

Bold font indicates gene regulation considered favorable for cell expansion. Asterisk indicates P values ·0.05 between GB03 and control treat-
ments. Values are means of ratios of three biological replicates. For the arithmetic scale used, values greater than 1 are up regulated while values
less than 1 are down regulated. At least one of the two time points meets all of the threshold requirements (see Materials and methods)

Expressed genes (GB03/control) 48 h 72 h Expressed genes (GB03/control) 48 h 72 h

Up-regulation promotes cell expansion

At2g20750, expansin, EXPB1 2.0 * 1.7 At2g28950, expansin, EXP6 1.2 1.4 *

At4g28250, expansin, EXPB3 1.7 * 2.1 * At1g26770, expansin, EXP10 1.2 * 1.7 *

At2g39700, expansin, EXP4 1.3 1.7 * At4g17030, expansin related 1.7 * 1.4

At3g29030, expansin, EXP5 1.8 * 2.1 * At2g40610, expansin, EXP8 0.5 * 1.0

Down-regulation promotes cell expansion

At1g12780, UDP-glucose 4-epimerase 0.42 * 0.53

Up-regulation reduces cell wall rigidity

At5g63180, pectate lyase 1.6 * 1.9 * At3g17130, pectin methylesterase inhibitor 1.7 * 1.8 *

At1g67750, pectate lyase 1.6 1.8 * At3g62820, pectin methylesterase inhibitor 1.7 1.5 *

At1g04680, pectate lyase 1.5 * 1.3 At1g23205, pectin methylesterase inhibitor 1.6 * 1.8

At3g53190, pectate lyase 1.4 * 1.7 * At5g20740, pectin methylesterase inhibitor 1.4 * 1.6 *

At3g54920, pectate lyase 1.2 1.7 * At1g47960, pectin methylesterase inhibitor 0.6 * 0.5 *

At5g14650, pectinase 1.7 * 0.4 At5g26670, pectinacetylesterase 1.1 1.5 *

At2g43870, pectinase 1.6 * 1.5 * At4g19420, pectinacetylesterase 0.8 * 0.6 *

At2g43860, pectinase 1.6 * 0 * At5g19730, pectinesterase 1.4 1.5 *

At3g16850, pectinase 1.2 1.5* At3g43270, pectinesterase 0.7 * 0.6 *

Down-regulation reduces cell wall rigidity At2g33790, pollen allergen/extensin 0.5 * 0.3 *

At2g25300, galactosyltransferase 0.5 * 0.4 At5g45880, pollen allergen/extensin 1.2 1.6 *

At4g38080, putative extensin 0.8 0.6 * At3g10340, phenylalanine ammonia-lyase 0.5 * 0.4

At5g09530, putative extensin 0.4 * 0.3 * At1g24735, O-methyltransferase 1.4 * 0. 6

At5g21280, putative extensin 1.5 * 2.0 * At1g21100, O-methyltransferase 0.4 * 0.5

Down-regulation promotes cell wall rigidity At3g13750, beta-galactosidase 0.3 * 0.3 *

At5g56870, beta-galactosidase 0.2 * 0.2 * At4g26140, beta-galactosidase 0.5 * 0.4 *

Uncertain consequence on cell wall architecture At4g30270, xyloglucan endotransglycosylase 0.4 * 0.4 *

At3g10740, glycosyl hydrolase family 51 0.3 * 0.3 * At3g44990, xyloglucan endotransglycosylase 1.5 * 1.8 *

At2g32990, glycosyl hydrolase family 9 1.9 * 2.0 * At5g57560, xyloglucan endotransglycosylase 0.6 * 0.6

At5g08000, glycosyl hydrolase family 17 1.4 * 1.6 * At5g65730, xyloglucan endotransglycosylase 0.6 * 0.6 *
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(PAEs) were identiWed as well, with one being up regulated
while the other down regulated, as were two pectin esterase
genes. PAEs, which likely act together with a range of other
pectin-degrading enzymes, may well be involved in soften-
ing and loosening the primary cell wall in nematode-
infected plant roots (Vercauteren et al. 2002).

Down regulation of a galactosyltransferase, as well as
several extensin genes also suggest enzymatic activity
directed towards lower cell-wall rigidity (Table 3). Galac-
tosyltransferases have been identiWed as a key factor in the
regulation of galactose-substitution in galactomannan bio-
synthesis (Reid et al. 1995) with galactomannans being a
dominant constituent in legume-cell wall assembly (Reid
1997). And extensin molecules can interlock separated
microWbrils to reinforce cell wall architecture subsequent to
cell growth (Buchanan et al.2000). Although phenylalanine
ammonia lyase (PAL) is often categorized as a regulatory
enzyme of Xavonoid biosynthesis, it is included in the cell
wall modiWcation grouping (Table 3) because PAL func-
tions to catalyze the biosynthesis of the plant cell wall con-
stituents lignin (Humphreys and Chapple 2002; Boerjan
et al. 2003) and suberin (Bernards et al. 2000); and PAL
down regulation appears contrary to the gene expression
patterns of all other identiWed Xavonoid synthesis enzymes
with plant exposed to GB03 VOCs (supplementary data).
The down regulation of PAL (At3g10340) may well result
in reduced lignin (and in turn cell wall rigidity) as has been
reported by Anterola and Lewis (2002). O-Methyltransfe-
rases (OMTs) are also associated with enhanced ligniWca-
tion (Vincent et al. 2005) and omt1 knockout mutants in
Arabidopsis lack syringyl units of lignin (Goujon et al.
2003). Both of the diVerential regulation OMTs were down
regulated with GB03 exposure at 72 h while one was up
regulated at the 48 h time point (Table 3). In a transgenic
alfalfa line deWcient in caVeoyl CoA 3-O-methyltransfer-
ase, lignin was found to be structurally similar to lignin in
the corresponding wild type line, however a ca. 20%
decrease in lignin content was observed in the transgenic
line (Marita et al. 2003).

A total of 30 of the 38 diVerentially regulated genes
with a known function associated with cell-wall structure
were shifted in favor to promote cell-wall expansion or
reduced cell-wall rigidity. In opposition to this apparent
transcriptional trend of cell-wall loosening, several genes
were identiWed. The three beta-galactosidases with enzy-
matic capability to degrade cell-wall galactans under spe-
ciWc developmental conditions such as during pollen
expansion (Hruba et al. 2005) and fruit ripening (Carey
et al. 2001), were unexpectedly down regulated. Since
juvenile plants were employed in this study, down regula-
tion of reproduction-associated genes may not be relevant
to the observed trend of cell wall loosening observed in
vegetative tissues.

Several genes with uncertain consequence on cell wall
architecture were also diVerentially regulated including:
glycosyl hydrolases, and xyloglucan endotransglycosylases
(XETs) (Table 3). XETs are a class of wall architecture
enzymes responsible for the cleaving and reattachment of
xylogulcan chains; the role of these enzymes in both wall
loosening and wall strengthening has been reported
(reviewed by Nishitani 1997; Campbell and Braam 1999).

Plant cell size modiWcations, suggested by changes in
cell-wall transcript patterns were examined by studying the
cross section of leaves at three deWned distances from the
leaf tip (Fig. 6a). An increase in leaf cell size for GB03
treated seedlings compared to water control tissue was
observed at each leaf cross section (Fig. 6b). To quantify
and catalogue leaf cell size distribution, a donut shaped
region centered but excluding the central vein region and
that had a diameter deWned by the abaxial and adaxial leaf
epidermis was used to take cell size counts. Cell size
measurement in this local leaf tissue containing epidermis-,
palisade- parenchyma-, spongy parenchyma- and meso-
phyll-cells revealed a shift to larger cell size populations for
GB03 treated samples compared to control treatments
(Fig. 6c). The most abundant cell area in GB03-treated leaf
tissue was 1,000–1,500 �m2 (ca. 22 cells) versus 200–
440 �m2 (ca. 15 cells) for control samples. In making cell
count measurements of whole leaves, GB03 treated sam-
ples contained 659 § 16 cells compared to 556 § 14 for
water-treated controls. In contrast to the larger cell sizes
observed in leaf tissue, GB03 VOCs did not trigger observ-
able diVerences in root cell size either in the primary or lat-
eral roots (Fig. 6d, e). The most abundant root cell area is
within a range of 200–400 �m2 for both VOC-treated and
water-treated control samples. Numbers of outer-layer cells
in primary root and lateral roots were not statistically diVer-
ent with 35 § 1 and 29 § 3 cells, respectively in GB03
exposed plants and 34 § 1 and 25 § 1, respectively in con-
trols. In terms of lateral root numbers, GB03-exposed
plants consistently developed greater numbers of lateral
roots than water controls (Fig. 6a).

Discussion

Previous models of rhizobacterial-stimulated plant growth
promotion suggest that soil microbes produce auxin and/or
other phytohormones that drive plant growth promotion
(Loper and Schroth 1986; Timmusk et al. 1999; MacDon-
ald et al. 1986; Glick et al. 1999, Lin et al. 1983), however
in the case of biologically active bacterial VOCs, blends of
volatile chemicals devoid of traditional auxins can alone
trigger plant growth promotion mediated by auxin synthesis
and transport in the plant. The abundance of transcripts
encoding enzymes involved in auxin synthesis was up-
123



848 Planta (2007) 226:839–851
regulated in aerial regions of VOC-treated plants (Fig. 3),
while auxin-dependent DR5::GUS expression revealed that
VOC-treated plants had less auxin in leaves and more auxin
in roots, compared with water-treated controls (Fig. 2).
Although the role auxin plays in controlling leaf expansion
remains unclear, increased auxin levels have been reported
to have negative eVects on leaf expansion. Arabidopsis
mutants sur1 and sur2, which overproduce auxin, have
reduced leaf expansion (Boerjan et al. 1995). Transgenic
petunia (Petunia hybrida), which overproduces auxin,
develops leaves that are epinastic as well as smaller and
narrower than wild type plants (Klee et al. 1987). And
application of exogenous auxin to bean (Phaseolus vulga-
ris) and Arabidopsis leaf blades inhibits long-term blade
elongation (Keller et al.2004). Application of the auxin
transport inhibitor NPA to petioles traps auxin within the
leaf and selectively increases leaf auxin content thereby

inhibited leaf growth (Keller et al. 2004). On the other
hand, low auxin concentrations drive cell elongation, cell
enlargement and cell diVerentiation in tobacco cell culture
(Winicur et al. 1998; Zazimalova et al. 1995). Although
NPA-induced reduction of plant growth due to diminished
plant perception of VOCs and/or downstream interference
of critical non-auxin signaling pathways can not be ruled
out, the spatial and temporal redistribution of auxin
observed with GB03 VOCs (Fig. 2) as well as exogenous
NPA treatment (Fig. 4) demonstratively implicates auxin
participation in plant growth promotion.

In addition to decreasing auxin levels in aerial portions
of Arabidopsis, GB03 exposure increased root auxin con-
tent and auxin accumulation at sites of lateral root primor-
dia (Fig. 2e, h). Auxin is required at several developmental
stages to facilitate lateral root formation. Lateral root pri-
mordia that are unable to divide if excised from the primary

Fig. 6 Cell size comparisons 
for GB03 and water control 
plants. Sixteen-day-old plants 
(line = 1 cm) and leaf cuts (a); 
leaf cross sections with central 
vein centered (line = 100 �m) 
(b); shifted cell-size population 
(cross section 2) with GB03 
(black bars) and water treatment 
(white bars) (mean § SD, n = 3) 
(c). Cell size for primary (d) and 
secondary (e) root with GB03 
(black bars) and water (white 
bars) (line = 100 �m) (mean § 
SD, n = 5). Asterisks indicate 
signiWcant diVerence (P · 0.05) 
between treatments
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root, can be rescued if supplemented with exogenous auxin
(Dubrovsky et al.2001). Removal of shoot apical tissues
abolishes the IAA pulse that promotes the emergence of lat-
eral root primodia, thereby blocking emergence of lateral
roots (Bhalerao et al.2002). Root systems may become
independent of shoot-generated auxin with both auxin con-
tent and the biosynthetic capacity of root systems increas-
ing substantially with age (Ljung et al. 2002). Nevertheless,
the initial dependence of lateral root development on shoot-
derived auxin allows coordination of root development
with leaf development, enabling a balance between carbon
and nitrogen metabolism to be established. Early develop-
mental branching of roots contributes to water uptake, and
facilitates the extraction of nutrients essential for robust
plant growth and development. GB03 VOCs may trigger
sustained plant growth promotion by an optimized coordi-
nation between root and leaf development.

Although IAA biosynthesis remains incompletely deW-
ned in plants, two IAA biosynthetic pathways, tryptophan-
dependent and tryptophan-independent, have been identi-
Wed by stable isotope labeling studies (reviewed in Ljung
et al.2005; Woodward and Bartel 2005). It is envisioned
that GB03 VOCs induce IAA biosynthesis via a Trp-depen-
dent pathway based on our transcript proWles. Transcripts
of three nitrilase (NIT1, NIT2, and NIT3) that catalyze the
terminal step in the Trp-dependent IAA pathway are
induced by GB03 exposure; GB03 VOCs also induce gene
expression of tryptophan synthase (TSB2) and anthranilate
synthase (ASA1), the latter catalyzing the rate-limiting step
of tryptophan biosynthesis.

Down-regulation of the putative auxin eZux carrier
At2g17500 with GB03 treatment was observed at transcrip-
tional level and may be associated with localized auxin in
the roots (Fig. 3). Genes encoding Xavonoid biosynthesis
were found to be coordinately up-regulated (supplementary
data) along with downstream glycosylated Xavonoids
including: Rha-Glc-Rha-quercetin, Rha-Glc-Rha-kaempf-
erol, Glc-Rha-quercetin, Glc-Rha-kaempferol, Rha-Rha-
kaempferol (data not shown). Interestingly Xavonoids can
serve as negative regulators of auxin transport, albeit there
is little data for the role of glycosylated Xavonols in planta
in contrast to their aglycone counterparts (Faulkner and
Rubery 1992; Bernasconi 1996; Murphy et al. 2000, 2002;
Peer et al. 2004). With a GB03-triggered accumulation of
Xavonoids, an inhibition of acropetal auxin transport could
result, contributing to an increase in root auxin levels. An
alternative scenario that endogenous increases in Xavonoids
trigger the same response as exogenous NPA applications
is unlikely since Xavonoid increases induced by GB03
VOCs are correlated with growth promotion, while the
introduction of NPA inhibits growth (Fig. 5). DiVerential
localization of Xavonoids compared with unregulated NPA
distribution could account for diVerent patterns of auxin

accumulation observed in leaves and roots with and without
NPA treatment. For example, supplements of NPA to the
media inhibited basipetal auxin transport (Fig. 4) and did in
fact compromise growth promotion triggered by GB03
VOCs, while basipetal auxin transport with GB03-triggered
Xavonoid increases were compatible with plant growth pro-
motion (Fig. 5).

Auxin may not be the only hormone responsible for
plant growth promotion. Other non-auxin related phytohor-
mone genes have also been identiWed as diVerentially
expressed from the microarray experiments (supplementary
data). These include two gibberellin-responsive proteins,
two ABA-responsive proteins, and several ethylene-respon-
sive proteins, together with enzymes involved in gibberellin
biosynthesis, cytokinin biosynthesis, and ethylene biosyn-
thesis. A cytokinin primary responsive gene, ARR5 (Ara-
bidopsis response regulator 5) was down regulated by
GB03 exposure. Arabidopsis response regulators (ARRs)
have been found to be involved in signal transduction trig-
gered by cytokinin, ethylene, and light (Sweere et al. 2001;
To et al. 2004; Hass et al. 2004) and are thereby suggested
to be important components of hormonal cross-talk. Down
regulation of ARR5 in response to GB03 VOCs may prove
to serve an important role in hormone regulation of growth
promotion. Previous mutant line data indicate that GB03
VOCs promote plant growth through a cytokinin receptor
or ethylene signal by using cre1 (cytokinin receptor deW-
cient) and ein2 (ethylene insensitive) mutants, respectively
(Ryu et al. 2003). Microarray results did not show altered
transcriptional activity of the receptor protein cre1 nor the
integral membrane protein ein2 (Guo and Ecker 2004).

Genes diVerentially regulated with exposure to GB03
emissions and associated with cell wall modiWcations were
examined for possible regulatory control of cell enlarge-
ment. The induction of a group of pectin-related genes,
including pectin methylesterase inhibitor, pectinase, and
pectate lyase (Table 3) suggested that cell-wall loosening
contributes to cell expansion. Pectins, a mixture of hetero-
geneous, branched, and highly hydrated polysaccharides
rich in D-galacturonic acid, are thought to perform several
cell-wall functions including determination of wall poros-
ity, provide charged surfaces that can modulate wall pH
and ion balance, and serve as recognition molecules that
alert plant cells to the presence of symbiotic organisms,
pathogens, and insects (review in Buchanan et al.2000).
Pectin methylesterases hydrolyze methyl ester of pectins
and thus create free carboxyl groups that can link with Ca2+

ions and stabilize two polygalacturonan (PGA) chains,
thereby making the pectic network more rigid. Moreover,
binding of GalA units in PGA to Ca2+ results in calcium
pectate, which is the cementing substance for cell adhesion.
Besides the action of cell wall reassembly enzymes,
enzymes involved in the biosynthesis of cell walls also
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seemed to be altered. UDP-glucose 4-epimerase is involved
in channeling UDP-D-galactose into cell wall polymers and
was down regulated with plant exposure to GB03 VOCs.
Mutation in UGE4 has been reported to weaken cell struc-
ture as observed with a dramatic bulging of root epidermal
cells (Schiefelbein and Somerville 1990; Baskin et al.
1992).

In a previous transcriptome study with Arabidopsis colo-
nized by the PGPR Pseudomonas thivervalensis (strain
MLG45) that triggers induced systemic resistance while
photosynthesis rates were repressed (Cartieaux et al. 2003),
transcripts associated with defense were up regulated and
photosynthesis genes were reduced relative to un-colonized
plants. This coupled transcriptional/physiological regula-
tion in Arabidopsis in contact with MLG45 links observed
transcriptional regulation with phenotype responses medi-
ated by PGPR. By utilizing microarray technology, the
eVects of emitted VOCs from B. subtilis GB03 on Arabid-
opsis gene expression have been identiWed and used to
unravel a mechanism for plant growth promotion mediated
by soil microbes. From the approximately 2% of the Ara-
bidopsis genome diVerentially regulated with plant expo-
sure to bacterial VOCs, genetic and physiological studies
reported here establish that cell expansion and auxin signal-
ing participate in plant growth promotion. From a whole
plant perspective, the coordinated regulation of carbon and
nutrient metabolism to provide an appropriate leaf-to-root
ratio is essential for robust plant growth. The observation
that GB03 VOCs regulate plant auxin homeostasis tissue-
speciWcally to promote leaf expansion as well as lateral
roots appears to successfully provide such a balance.
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